Endoplasmic reticulum (ER) stress is a common feature of several physiological and pathological conditions affecting the function of the secretory pathway. To restore ER homeostasis, an orchestrated signaling pathway is engaged that is known as the unfolded protein response (UPR). The UPR has a primary function in stress adaptation and cell survival; however, under irreversible ER stress a switch to pro-apoptotic signaling events induces apoptosis of damaged cells. The mechanisms that initiate ER stress-dependent apoptosis are not fully understood. Several pathways have been described where we highlight the participation of the BCL-2 family of proteins and ER calcium release. In addition, recent findings also suggest that microRNAs and oxidative stress are relevant players on the transition from adaptive to cell death programs. Here we provide a global and integrated overview of the signaling networks that may determine the elimination of a cell under chronic ER stress. This article is part of a Special Section entitled: Cell Death Pathways. Guest Editors: Frank Madeo and Slaven Stekovic.
Introduction
The endoplasmic reticulum (ER) is a highly dynamic network composed by sac-like structures and tubules. The major function of the ER is the folding and maturation of nascent proteins that transit through the secretory pathway. Additionally, the ER is also implicated in bioenergetic processes such as lipid synthesis, in addition to calcium storage [1] . Different perturbations at the cellular level can affect ER homeostasis inducing the accumulation of unfolded proteins in the lumen of this organelle, a condition referred to as ER stress. ER stress activates a series of adaptive mechanisms known as the unfolded protein response (UPR) [2] . To alleviate ER stress, the UPR promotes an increased capacity of protein folding and clearance to reduce the amount of misfolded proteins at ER lumen [2, 3] . However, under prolonged and irreversible ER stress, cells that become irreversibly damaged are eliminated by apoptosis [4, 5] .
ER stress-mediated cell death is executed by the canonical mitochondrial apoptosis pathway, where the BCL-2 family plays a crucial role [6] . Transcriptional and post-transcriptional mechanisms are activated to regulate pro-apoptotic members of the BCL-2 family that facilitate cytochrome c release from the mitochondria and calcium release from the ER to engage downstream apoptotic signaling events [7] . Recently, an explosion of novel mechanisms and components that can suppress or potentiate apoptosis during ER stress has been identified. In this review, we overview and integrate recent findings addressing the regulation of apoptosis under a condition of irreversible damage.
The unfolded protein response
Although the ER has been studied for decades, in the last ten years the impact of this organelle in cell physiology and disease had a major revival. One of the most studied functions of the ER is the folding and maturation of nascent proteins that are targeted to the plasma membrane, ER, lysosomes and Golgi apparatus or are secreted. Different conditions that interfere with ER function generate stress as a consequence of physiological demands or pathological perturbations. Independent of the nature of the stimuli that trigger ER stress, the UPR is initiated to restore ER homeostasis [2] . If the adaptive mechanisms of the UPR are not sufficient to recover homeostasis a switch to pro-apoptotic signals generates the death of irreversibly damaged cells. Therefore, a fine-tuning of pro-survival and pro-apoptotic mechanisms is necessary under physiological and pathological conditions to respond against ER stress [2, 8] .
ER stress is detected by at least three ER resident proteins: activating transcription factor 6 (ATF6), protein kinase RNA-like ER kinase (PERK) and inositol-requiring enzyme 1 (IRE1). These ER stress sensors induce different downstream signaling cascades that collectively constitute the UPR. ATF6 is synthetized as an inactive precursor coding for a bZIP transcription factor in the cytoplasmic domain. Under ER stress, ATF6 traffics to Golgi apparatus where S1P and S2P proteases cleave the cytosolic and transmembrane domains, releasing a fragment named ATF6f [9] . ATF6f translocates to the nucleus regulating the transcription of genes involved in ER homeostasis, such as ER chaperones and ERAD components [10] . PERK is a transmembrane protein kinase that under ER stress conditions dimerizes and autophosphorylates, favoring the phosphorylation of eIF2α (eukaryotic translation initiation factor 2α). Phosphorylated eIF2α causes a global translational arrest as a fast adaptive reaction [11] and favors the selective translation of ATF4 (activating transcription factor 4) [12] , regulating the expression genes involved in folding, oxidative stress and amino acid metabolism [13] . Finally, the IRE1 signaling branch is the most conserved arm of the UPR, and is present from yeast to mammals. There are two isoforms in mammals (IRE1α and IRE1β) that share two enzymatic activities at the cytoplasmic domain, kinase and endoribonuclease [14] . Under ER stress, IRE1α like PERK, dimerizes and autophosphorylates favoring a conformational change that activates the endoribonuclease domain. Active IRE1α catalyzes the unconventional splicing of the mRNA coding for XBP-1 (X box-binding protein 1) excising a 26-nucleotide intron, shifting the coding reading frame of this mRNA to generate an active transcription factor termed XBP-1s [15] . This transcription factor regulates the expression of genes related with folding, entry of proteins to the ER, ER-associated degradation (ERAD) and biogenesis of ER and Golgi, among others functions [16, 17] . Although most of the signaling events downstream of UPR sensors favor adaptive responses, under chronic ER stress they signal toward induction of cell death. So far, the major death mechanism under ER stress is apoptosis [2] , but it remains to be determined if other types of cell death, such as necrosis, necroptosis or deregulated autophagy, contribute to eliminate cells under irreversible ER stress. However, autophagy has been extensively described as a pro-survival mechanism to eliminate and degrade unfolded proteins and damaged organelles under ER stress [18, 19] . Although several components have been described as responsible for the induction of apoptosis under ER stress [4, 6, 20] , an integrative view is necessary to understand the checkpoints that control the switch from adaptive responses to pro-apoptotic phases.
3. Regulation of cell death under ER stress 3.1. PERK signaling and the regulation of ER stress-induced apoptosis As mentioned above, under ER stress conditions PERK activates and phosphorylates eIF2α causing a translational arrest. This rapid response operates as an important pro-survival mechanism. Indeed, the deficiency of PERK or the expression of a non-phosphorylable form of eIF2α generates hypersensitivity to ER stress [11] or hypoxic conditions during tumor growth [21, 22] , supporting the idea of a physiological role of translational attenuation in supporting cell survival (Fig. 1) . In addition to this rapid pro-survival mechanism, the PERK pathway can regulate a subset of genes related with autophagy, folding and redox metabolism through ATF4-mediated transcription decreasing the unfolded protein load [2] .
Under prolonged ER stress, PERK signaling can trigger cell death. In fact, the artificial sustained activation of PERK, but not IRE1α, induces proliferation arrest and cell death in certain cellular models [23] . One major event responsible for this switch between pro-survival and proapoptotic responses is the induction of C/EBP homologous protein (CHOP: also named growth arrest and DNA-damage-inducible 153, GADD153), activated downstream of ATF4 [11] .
The molecular mechanism that explains the pro-apoptotic role of CHOP involves in part the transcriptional regulation of several target genes. One of them is GADD34 (growth arrest and DNA damage inducible 34), a component of the GADD34-PP1 inducible eIF2α phosphatase [24] . GADD34 expression enhances reactive oxygen species (ROS) production possibly by promoting protein synthesis, which may trigger proteotoxicity [25] . Recently, it has been demonstrated that ATF4 and CHOP enhance the transcription of a subset of genes related to protein synthesis, but not apoptosis. This event induces cell death possibly due to augmented ROS production and ATP depletion [26] , as suggested before [25] . In addition, the importance this process has been also elucidated by the generation of selective inhibitors for GADD34-PP1 Under ER stress, PERK activation induces eIF2α phosphorylation causing translational arrest. Phosphorylated eIF2α allows the selective translation of ATF4 that increases the levels of the transcription factor CHOP. CHOP induces the expression of several pro-apoptotic proteins such as GADD34, ERO1α and BH3-only proteins (BIM, PUMA and NOXA). Expression of GADD34 (a component of the GADD34-PP1 phosphatase) dephosphorylates eIF2α, restoring global translation of proteins that is involved in cytosolic ROS production and apoptosis. Increase of ERO1α at the ER lumen induces ROS in addition to the release of calcium by IPR3 regulation. Cytosolic calcium activates PTP triggering apoptosis. Moreover, the induction of BIM, PUMA and/or NOXA could activate BAX and BAK to release cytochrome c. In addition, PERK is required at the mitochondrial-associated ER membranes (MAMs) to modulate cytochrome c release and apoptosis by controlling calcium signaling and ROS production.
phosphatase activity that can decrease the protein synthesis rate and provide protection [27, 28] . The most studied mechanism of cell death induced by CHOP is the regulation of the levels of several BCL-2 family members. Under ER stress, CHOP down-regulates the expression of BCL-2, sensitizing cells to apoptosis [29] . Additionally, the up-regulation of some pro-apoptotic components of the BCL-2 family, known as BH3-only proteins, is observed (see below). BIM levels are induced under ER stress conditions by a transcriptional mechanism involving CHOP [30] . Other reports also suggest an up-regulation of PUMA and NOXA [31] , where CHOP and AP-1 seem to be responsible for their induction [32] . Importantly, the hypersensitivity of PERK-deficient cells to ER stress is rescued by silencing of NOXA, suggesting an important role of the BCL-2 family of proteins in the cell death process [33] . Recent studies demonstrate that BAX is also up-regulated during ER stress in cardiomyocyte models, showing that CHOP-deficient mice have less apoptotic cell death and lower caspase-3 activation related with a decrease of BAX levels [34] .
As mentioned, another possible mechanism of action of CHOP is the modulation of the oxidative state of the ER. Overexpression of CHOP induces a depletion of glutathione and an exacerbated increase of ROS [29] , possibly through the induction of ERO1α (ER oxidase 1α) [24] . ERO1α catalyzes the re-oxidation of several protein disulfide isomerases (PDIs) reconstituting their active state, a process responsible for the production of hydrogen peroxide (H 2 O 2 ) at the ER lumen [35] . In addition, we recently reported that knocking down ATF4 increases H 2 O 2 levels inside the ER and alters PDI expression [36] . The increases of ROS at the ER may sensitize cells to apoptosis under ER stress conditions [37] . Furthermore, this increase of cell death is abolished by CHOP depletion, reducing ERO1α levels, ROS production and apoptosis in pancreatic cells [38] . In addition, CHOP-induced ERO1α activates the inositol-1,4,5-trisphosphate receptor (IP 3 R), leading to calcium release from ER [39] . This increase of cytoplasmic calcium may also contribute to apoptosis by affecting the opening of the mitochondrial permeability transition pore (PTP) [40] . Finally, PERK was recently shown to be located at the mitochondrial and ER contact sites, where it may modulate apoptosis by controlling local calcium release and ROS production [41] .
Although a large amount of data suggests that PERK and CHOP are crucial components of the ER stress-induced cell death pathway, PERK or CHOP deficient cells still undergo apoptosis indicating the existence of other checkpoints and signaling events mediating this process. Furthermore, several reports in mouse models highlight the importance of CHOP and PERK in several diseases involving ER stress such as Parkinson's disease [42] , diabetes [38] , atherosclerosis [43] , ALS [36] , cardiac dysfunction [34] and liver damage induced by alcohol [44] . More studies are needed to understand the mechanisms explaining how PERK signaling can promote both cell survival and apoptosis depending on the intensity and duration of the stress stimuli.
Fine-tuning of IRE1α signaling in the regulation of ER stress-induced apoptosis
As discussed before, the IRE1α/XBP-1 pathway has an important pro-survival role through the up-regulation of a subset of target genes involved in protein folding and quality control. This adaptive response is evident in cells with artificial sustained activation of IRE1α [45] . In contrast with this pro-survival function, other reports showed that sustained IRE1α signaling could also engage apoptosis [46] (Fig. 2 ). IRE1α forms a complex with TRAF2 inducing the activation of ASK1/ JNK, which triggers cell death [47, 48] . Additionally, this pathway is also implicated in the induction of autophagy as a pro-survival mechanism [19, 49] . Furthermore, IRE1α, in complex with TRAF2/IKK, activates NF-κB signaling that might lead to cell death [50] .
In addition to the splicing of XBP-1, the endoribonuclease activity of IRE1α degrades a subset of mRNAs in a process known as regulated IRE1α-dependent decay (RIDD) [51] . Initially, RIDD was proposed as an adaptive mechanism of the UPR where certain mRNAs that encode for proteins of the secretory pathway that have a high tendency to misfold are degraded. However, additional evidence suggests that RIDD may also function as a pro-apoptotic mechanism by degrading mRNAs encoding for crucial proteins including ER chaperons such as BiP/Grp78 [51, 52] . In addition using peptides derived from IRE1α that targets selectively the enzymatic activities of IRE1α revealed that Pleiotropic effects of IRE1α under ER stress. ER stress activates IRE1α inducing its dimerization and autophosphorylation, engaging the endoribonuclease domain. Active IRE1α processes the mRNA encoding for XBP-1, producing an active transcription factor termed XBP1s. XBP1s regulates an adaptive/survival response increasing the levels of proteins involved in protein folding and quality control. In addition, IRE1α degrades several mRNAs through a process known as RIDD. RIDD has a pro-survival function degrading mRNA coding for proteins with a high tendency to misfold and also has a pro-apoptotic activity by degrading mRNAs coding for key ER chaperones. In addition, the endoribonuclease activity of IRE1α can also cleave miRNAs that regulate the expression of pro-apoptotic proteins such as caspase-2 (casp-2) and TXNIP. The interaction of IRE1α with TRAF2 could also trigger the ASK1/JNK and NF-κB pathways promoting apoptosis under ER stress. attenuation of JNK signaling and RIDD could protect cells from ER stressinduced cell death [53] . However, on a recent report, the pharmacological inhibition of IRE1α endoribonuclease activity did not affect cell survival under acute ER stress [54] . Therefore, under ER stress the endoribonuclease activity of IRE1α may have opposite effects, where XBP-1 mRNA splicing promotes survival and RIDD in the long term could sensitize cells to apoptosis. This switch may depend on the duration and intensity of the stress stimuli. Finally, recent findings uncovered a new role of the endoribonuclease activity of IRE1α in the cleavage of microRNAs (miRNAs) and the regulation of the levels of caspase-2 [55] and TXNIP [56] , having a significant impact on the activation of cell death programs (reviewed below).
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Therefore, the selective activation of different enzymatic activities of IRE1α operates as signaling modules that generate divergent downstream outputs, reinforcing the idea that the fine-tuning of IRE1α could function as a stress integrator controlling the switch between adaptive and pro-apoptotic phases of the UPR [2, 57, 58] . This is a subject of current research that remains largely open for investigation.
ER stress and the BCL-2 family of proteins
Cytochrome c release from the mitochondria is a classical hallmark of ER stress-dependent apoptosis, associated with a collapse of mitochondrial transmembrane potential (ΔΨ m ) and an influx of calcium into the mitochondria. The permeabilization of the mitochondrial outer membrane (MOMP) is highly dependent on BAX and BAK, two central pro-apoptotic proteins of the BCL-2 family [40] . The BCL-2 family consists of~20 members that share up to four conserved motifs known as BCL-2 homology domain (BH1-4) [59] . This family is subdivided into pro-and anti-apoptotic proteins that can be classified by the presence of one or more BH domains. The anti-apoptotic members of the family share all four BH domains (BCL-2, BCL-X L , BCL-W and MCL-1) with the exception of BCL-2A1 and BCL-B. The pro-apoptotic proteins are divided into multidomain proteins that contain three BH domains (BAX and BAK) and BH3-only proteins that only have in common the BH3 domain (BID, BIK, BIM, PUMA NOXA and BAD) [59, 60] . Additionally, another group of BH3-only proteins, termed BNIP, contains poor conservation in the BH domain (BNIP1, BNIP2 and BNIP3) [61, 62] . The mechanism of action of anti-apoptotic members is the inhibition of the conformational activation of BAX and BAK through direct or indirect mechanisms [63] . Then, BH3-only proteins can be divided functionally into direct activators of BAX and BAK (i.e. BID, BIM and PUMA) or sensitizers that release pro-apoptotic activators sequestered by BCL-2 anti-apoptotic proteins (i.e. BAD and NOXA) [64] .
The role of the BCL-2 family in adaptation and cell death under ER stress conditions has been widely reviewed [65] [66] [67] . Pro-apoptotic stimuli, like ER stress, induce the activation of certain BH3-only proteins by four different mechanisms: transcriptional regulation, posttranslational modifications, proteolytic cleavage and release from sequestering proteins ( Table 1) . BCL-2 family members have distinct locations in the cell, where anti-apoptotic members, such as BCL-2 and BCL-X L , localize to the mitochondria and ER membrane, similar to BAK. On the other hand, BAX is mostly cytosolic but under apoptotic stimuli a C-terminal hydrophobic domain is exposed that allows the translocation to the mitochondria and ER. Finally, BH3-only proteins are mostly cytosolic but interact with BCL-2 and BAX/BAK at different locations [67] . As mentioned, under ER stress CHOP down-regulates the expression of BCL-2 [29] but not BCL-X L [68] , sensitizing the cell to apoptosis. In addition, we have reported that BCL-2 family members such as BAK, BAX, BIM, and PUMA may also feedback to modulate the amplitude and kinetics of IRE1α signaling [69, 70] . On the other hand, MCL-1 is up-regulated under ER stress through IRE1α and ATF6 signaling in melanoma, where this increase of protein levels contributes to cell survival [68, 71, 72] . Additionally, MCL-1 may not affect UPR signaling mediated by IRE1α [70] , but influences ER membrane remodeling under ER stress induced by drugs that promote calcium depletion and ER stress [73] .
Under ER stress, BIM levels are induced in different experimental systems by a transcriptional mechanism involving CHOP and FOXO3a [30, 74] . In addition, BIM is regulated through dephosphorylation mediated by PP2A phosphatase blocking the proteasomal degradation of BIM [30] . BIM also translocates from microtubule fraction enriched in dynein to the ER inducing the activation of the ER-located caspase-12 [75] . PUMA levels are also up-regulated under ER stress conditions via CHOP, AP-1, p53 and FOXO3a transcription factors [31, 32, 74, 76] . PUMA and NOXA [76] or BIM [70] deficient-cells are partially resistant to cell death induced by pharmacological inducers of ER stress. In addition, PUMA regulates BAK and caspase-7 activation [76] and modulates the amplitude of activation of IRE1α signaling [70] . NOXA is also upregulated by p53 [76] and ATF4 [77] , influencing cell death under ER stress. Unlike most of the BH3-only proteins, BAD is not regulated at the transcriptional level, instead BAD is activated by a rapid dephosphorylation increasing the rate of apoptosis under ER stress in neurons [78] .
Other members of the BH3-only family, including BMF and BIK, are not regulated by ER stress at the transcriptional or post-transcriptional level [79] and their function in ER stress is unknown. In the case of BID, ER stress triggers caspase-2 activation, which then cleaves and activates BID (tBID) to promote apoptosis [80] . Unlike BAX, ER-located BAK has a unique function in the remodeling of ER structure [81] , where it triggers swelling of the cisternae and vacuolization dependent on the co-expression of BCL-X L [82] . Recently, it has been demonstrated that the multidomain pro-apoptotic component BOK locates to the ER and Golgi, and its expression contributes to apoptosis in cells treated with ER-Golgi trafficking inhibitor brefeldin A (an ER stressor) [83] .
On the other hand, BNIP1 overexpression sensitizes cell to apoptosis affecting mitochondrial fragmentation and ER tubule fusion, dependent on the putative BH3 domain [84, 85] . Under ER stress, BNIP3 is upregulated by the transcription factor FOXO3a through JNK-dependent signaling, increasing caspase-3 cleavage and increasing the levels of calcium at the mitochondria [86] . In addition, BNIP3 overexpression increases the phosphorylation of eIF2α and CHOP in mouse models of heart failure [86, 87] .
All data discussed in this section indicates an important role of several BCL-2 family members in the regulation of the UPR, calcium homeostasis, ER morphogenesis and cell death induced by ER stress. This concept has become also relevant in the context of several diseases where ER stress and protein misfolding have a relevant function [88] . For example, BIM deficiency protects against amyotrophic lateral sclerosis [89, 90] and Huntington's disease [91] . PUMA deficiency has also protective effects in mouse models of ER stress-related diseases [92] [93] [94] .
Calcium and the BCL-2 family of proteins
It is well described that depletion of ER calcium results in ER stress [95] . High ER calcium concentration, together with ER oxidizing environment, is essential for the proper folding of proteins. ER chaperones have high capacity and low affinity to calcium acting as calcium buffers [96, 97] . More importantly, low levels of calcium decrease chaperone activity triggering ER stress. A few reports have shown that ER stress induced by tunicamycin induces the release of calcium from the ER through the IP 3 R [39, 98, 99] or across the translocon [100] (Fig. 3) . Both mechanisms involve chronic ER stress levels, and are associated with the opening of the PTP [101, 102] . Besides, in an early stage of the ER stress response, an efflux of ER calcium to the mitochondria is observed that may promote an enhancement of mitochondrial metabolism [103, 104] . Since the expression of several BCL-2 family members influences ER calcium release and steady state content (see examples in [102, [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] ), it is feasible to speculate that through this mechanism the BCL-2 family may influence the susceptibility of cells to ER stress (a folding effect), in addition to modulate the threshold to induce or not the release of cytochrome c from the mitochondria after chronic UPR activation. In fact, it has been shown that BCL-2 and BCL-X L form a complex with the IP 3 R, modulating the release of calcium from the ER and affecting cell death [115, 116] . In addition, under ER stress BAX and BAK oligomerize at the ER membrane [117] , correlating with ER calcium release to the cytosol and an increased sensitivity to ER stress [102] . Finally, although BAX and BAK double deficient cells are highly resistant to ER stress, we recently reported that the combination of ER stress agents with serum withdrawal triggers cytochrome c release and caspase-dependent apoptosis on a BAX and BAK-independent manner [118] . This pathway was also insensitive to the overexpression of BCL-X L or the ablation of cyclophilin D expression, an essential component of the PTP [119] . These results suggest the existence of an alternative pore for the release of cytochrome c under ER stress.
Caspase activation and ER stress
A hallmark of apoptosis is the activation of caspases where the BCL-2 family has a crucial role regulating their engagement under ER stress [120] . A pioneering study revealed the expression of an ER-located caspase in murine cells known as caspase-12 [121] , as described latter for caspase-4 in human cells [122, 123] . The molecular mechanism underlying caspases-12 activation is not well understood and depending on the experimental system may involve BIM translocation to the ER [75] , BAX and BAK activation at the ER [114] , the activation of IRE1α and the recruitment of TRAF2 [124] and calpain activation [125] [126] [127] , among other mechanisms. However, although caspase-12 processing is a well-demonstrated marker of ER stress, its contribution to cell death has been questioned. Caspase-12 is closer to pro-inflammatory caspases and may influence susceptibility to pathogens [128] [129] [130] [131] . All this mechanisms have in common the release of cytochrome c downstream activation of caspase-9. Caspase-8 is also activated promoting cytochrome c release via cleavage of BID [132] . Furthermore, caspase-4 can directly cleave pro-caspase-9 to trigger apoptosis under ER stress in neurons [133] and neutrophils [134] .
As mentioned above, the cleavage of BID by caspase-2 contributes to the induction of apoptosis by sustained ER stress [80] . Furthermore, caspase-2 has been localized at the ER where it is activated triggering apoptosis depending on executer caspases -3 and -7 [135] . In addition, a similar mechanism was reported in cells treated with the proteasome inhibitor bortezomib [136] , an anticancer drug that induces ER stress [137] . Interestingly, a new mechanism has been described that might promote cell death up-regulating caspase-2 levels under ER stress by the direct cleavage of specific microRNAs [55] (reviewed below). In summary, data relating caspase activation to ER stress mediated cell death is available but with little connection between the different studies. Most of the research had focused on understanding upstream signaling events involved in cell death under ER stress.
The TMBIM family of proteins and ER stress
A new family of highly conserved cell death regulators is emerging in recent years known as the BAX inhibitor 1 (BI-1) or transmembrane BAX inhibitor-containing motif (TMBIM) family [138] . This group of genes is present in humans, insects, plants, yeasts and viruses, among other species [139, 140] . A common feature of this family is the presence of multiple hydrophobic transmembrane domains (6 to 7) which defines through bioinformatics analysis a consensus domain at the C-terminal region of the proteins named UPF0005 [141] .
The TMBIM family is composed of at least 6 members with different localizations in membranous compartments. The TMBIM family includes BI-1/TMBIM6 (BAX inhibitor 1), GRINA/TMBIM3 (glutamate receptor, ionotropic, N-methyl-D-asparate associated protein 1), GAAP/TMBIM4 (Golgi anti-apoptotic protein) and LFG/ TMBIM2 (Lifeguard), which are all located to the ER membrane. In addition, LFG/TMBIM2 is also located at the plasma membrane, whereas GAAP/TMBIM4 is expressed to the Golgi apparatus. GHITM/TMBIM5 (Growth-hormone inducible transmembrane protein) is expressed at the mitochondrial membrane and RECS1/TMBIM1 (Responsive to centrifugal force and shear stress gene 1) is located to acidic vesicles, the Golgi apparatus and plasma membrane [138, [142] [143] [144] .
In general, all TMBIM family members have demonstrated antiapoptotic activities, where only GRINA/TMBIM3 and BI-1/TMBIM6 are reported to be involved in ER stress-mediated cell death (Table 1) [98, 145, 146] . Interestingly, the BI-1/TMBIM6 homologue Ybh3p in yeast was shown to induce cell death dependent on a putative BH3 domain [147] , whereas other reports indicated pro-survival effects under ER stress in yeast [131, 148] . BI-1/TMBIM6 is highly conserved and is able to suppress apoptotic cell death mediated by BAX overexpression [149] . BI-1/TMBIM6 overexpression protects cells against apoptosis induced by nutrient deprivation, DNA damage and oxidative stress, but not from extrinsic cell death stimulation [149] . Similar findings were reported for RECS1/TMBIM1 and LFG/TMBIM2 [138, 142] . BI-1/TMBIM6 deficient cells are highly susceptible to ER stress [139] . At the molecular level it has been shown that BI-1/TMBIM6 increases ER calcium content, affecting stimulated calcium release [139, 150, 151] .
Several indirect studies suggest a functional connection between BCL-2 and TMBIM family of proteins. For example, co-immunoprecipitation experiments suggest that BI-1/TMBIM6 interacts with BCL-2 and BCL-X L , but not with BAX [138, 152] . Studies in BI-1/TMBIM6-deficient mice revealed that this protein is an important regulator of apoptosis under conditions of ER stress in vivo [139, 145] . Our group demonstrated that BI-1/TMBIM6-deficient cells show IRE1α hyper-activation associated with increased levels of XBP-1s and its downstream transcriptional targets [146] . The same pathway can modulate the activation of autophagy [49] . The inhibitory effects of BI-1/TMBIM6 in the UPR were associated with the formation of a stable complex with the cytosolic domain of IRE1α. In vivo experiments in BI-1/TMBIM6-deficient mice or Drosophila melanogaster overexpressing BI-1/TMBIM6, indicate a suppression of IRE1α activity under experimental ER stress [146] . Similar results were provided on a brain injury model [153] and diabetes [154] .
We recently reported that GRINA/TMBIM3 has an important activity controlling cell death induced by ER stress. GRINA/TMBIM3 expression is increased in both cellular and animal models of ER stress, mostly controlled by the PERK/ATF4 pathway [98] . In addition, GRINA/TMBIM3 is able to modulate calcium homeostasis of the ER through a physical association with the IP 3 R (Fig. 3) . BI-1/TMBIM6 and GRINA/TMBIM3 have a synergistic effect on calcium regulation in cellular models, associated with the formation of a protein complex between both proteins [98] . Similarly, double deficient flies for these two genes showed synergistic effects on the control of cell death in vivo on an ER stress model. Remarkably, the manipulation of GRINA/TMBIM3 levels in zebrafish embryos revealed an essential role in the control of apoptosis during neural development and experimental models of ER stress [98] . Interestingly, GAAP/TMBIM4 [155] is also able to control the ER calcium concentration possibly downstream of the BCL-2 family where they reduce ER calcium content [150] . Together, these reports indicate a functional interconnection between TMBIM family members and their role in the control of cell death and ER calcium homeostasis. More studies are needed to address the possible functional interconnection between the TMBIM and BCL-2 family of proteins.
ER permeabilization during ER stress: a novel mechanism in cell death?
Only few studies have suggested that ER membrane permeability to luminal proteins is altered in cells undergoing apoptosis, in addition to modulating the three-dimensional structure of the ER [79, 81] . For example, a recent report indicates that the regulation of ER membrane permeability by BCL-2 family members could operate as an important molecular mechanism of ER stress-induced apoptosis. It has been demonstrated that ER luminal proteins are released into the cytosol during ER stress-induced apoptosis in a BAK/BAX-dependent manner (Fig. 3 ) [156] . Furthermore, recombinant BAX activated by t-BID triggers ER membrane permeability in vitro [157] . In addition, BAX/BAK-dependent ER permeabilization is antagonized by BCL-X L and enhanced by BH3-only proteins [156] . However, the functional role of the ER permeabilization is unknown.
Interestingly, BiP and PDI are released into the cytosol during ER stress [156] . Although, ER-located chaperons have pro-survival activities, the mislocation of these foldases into the cytosol may have pro-apoptotic activities. In cells undergoing ER stress, BiP is translocated to the plasma membrane, where it may act as a cell surface receptor for the pro-apoptotic protein Par-4 to activate FADD/caspases-8/caspases-3 apoptotic signaling pathway [158] . Importantly, PDI has a pro-apoptotic activity through its translocation to ER-mitochondria contact sites where it induces MOMP [159] . Although these reports suggest a role of ER permeabilization in ER stress, most of the data available is correlative; therefore, more studies are needed to define the actual impact of ER permeabilization to ER stress-mediated cell death.
miRNA and ER stress: orchestrating apoptotic cell death
In the last few years, it is becoming evident that miRNAs have a profound impact in many pathological and physiological processes, affecting cell proliferation, apoptosis and stress responses. miRNAs are non-coding single-stranded RNAs of~22 nucleotides which are derived from endogenously produced pre-miRNAs (precursors) of 75-80 nucleotides containing a hairpin (stem-loop) structure. miRNAs regulate their target genes by binding to the 3′ UTR region of the mRNA with consequent transcriptional or translational repression [160] .
Only a few recent studies have related ER stress-induced cell death with miRNA biology (Fig. 4) [161, 162] . For example, miR-708 is controlled by ER stress signaling through CHOP expression. Additionally, miR-708 targets rhodopsin mRNA repressing its protein expression [163] , highlighting a possible role of miR-708 in the modulation of the expression of proteins with a high tendency to misfold like rhodopsin [163] . As mentioned above, the XBP-1 pathway is an important prosurvival response; therefore, the modulation of its levels might affect cell fate under ER stress. In fact, the PERK pathway induces the miR-30c-2*, which specifically represses XBP-1 expression during ER stress [164] , like miR-214 [165] . In addition, the reduced levels of miR-214, miR199a-3p and miR-199a-5p in hepatocellular carcinoma impact apoptosis levels [165] . A recent report indicates that miR-199a-5p directly represses the expression of IRE1α, ATF6 and Grp78, promoting the survival of hepatocytes under sustained ER stress [166] , contrasting with a previous report [165] .
As mentioned, a recent study indicates that during ER stress IRE1α cleaves certain miRNAs. Normally, the translation of caspase-2 mRNA is repressed by miR-17~34a~96~125b; however, sustained activation of IRE1α directly reduces the levels of these miRNAs, increasing the levels of caspase-2 mRNA translation [55] . In addition, it has been described that hyperactivated IRE1α stabilizes the mRNA encoding thioredoxininteracting protein (TXNIP) by reducing its inhibitory miRNA, miR-17. TXNIP protein in turn activates the NLRP3 inflammasome to cleave procaspase-1 to its active form, thereby causing maturation and secretion of the inflammatory cytokine IL-1β and programmed cell death of pancreatic beta cells [56] . Furthermore, a recent study suggested that miR-1291 represses the expression of IRE1α through a specific site at the 5′ UTR of IRE1α mRNA [167] , which may impact the activity of IRE1α in apoptosis.
Furthermore, it was demonstrated that miRNAs belonging to the miR-106b-25 cluster have an important role in ER stress-induced apoptosis through the regulation of pro-apoptotic BCL-2 family members [168] . Under ER stress the miR-106b-25 cluster is repressed by ATF4, contributing to the increase of BIM [168] . Other studies have shown that the up-regulation of the miR-23a~27a~24-2 cluster induces apoptosis, increasing the levels of pro-apoptotic components (i.e., CHOP and TRIB3) [169] . PERK induces miR-211 through ATF4 induction, which in turn attenuates stress-dependent expression of CHOP, preventing its premature accumulation [170] . Finally, the deficiency of DICER, a crucial component of the miRNA machinery, leads to exacerbated sensitivity to ER stress [166] . In summary, modulation of miRNA biology is emerging as a new layer of complexity on the regulation of ER stress-mediated cell death. Fig. 4 . miRNAs and ER stress-induced apoptosis. Caspase-2 expression is negatively regulated by miR-17~34a~96~125b. Under ER stress, IRE1α cleaves specifically these miRNAs increasing the levels of caspase-2, cleavage of BID and apoptosis. In addition, the cleavage of miR-17 promotes the translation of TXNIP activating the NLRP3 inflammasome and apoptosis influenced by caspase-1. In addition, miR-1291 can regulate negatively the levels of IRE1α. XBP-1 levels are regulated by miR-214 and miR-30c2* downstream of PERK activation, sensitizing cells to apoptosis. CHOP induces the expression of miR-708 regulating the levels of rhodopsin. In addition, under ER stress the miR-106b-25 cluster is repressed by ATF4 and NRF2, increasing the levels of BIM and apoptosis. In addition, PERK induces miR-211 through eIF2α phosphorylation and ATF4 induction, which in turn attenuates stress-dependent expression of CHOP. The miR-23a~27a~24-2 cluster induces apoptosis by ER stress modulating CHOP and TRIB3 (ND: non-determined).
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Concluding remarks
The UPR is constituted by several signaling pathways that regulate both stress adaptation and cell death. As discussed here, different molecular mechanisms participate in ER stress-induced apoptosis; however, the molecular switches mediating the transition from adaptive to pro-apoptotic responses are not fully understood. So far, the most accepted components mediating cell death under ER stress are downstream of PERK, including the up-regulation of CHOP, which induces translation recovery, ROS production, BCL-2 family expression (i.e. BIM and PUMA), and ER calcium release. Despite of all this evidence, the final outcome of PERK deficient cells under ER stress is decreased survival [171] , suggesting that the regulation of cell death by ER stress is highly complex and may depend in an additional crosstalk with other signaling pathways. IRE1α also has pleiotropic effects, controlling both pro-and anti-apoptotic events including RIDD, miRNA cleavage and JNK activation, in addition to XBP-1 mRNA splicing.
The intersection of ER stress signaling events may involve multiple simultaneous steps at the level of UPR stress sensor regulation, interactions between BCL-2/TMBIM family members and calcium release. In addition, it is important to highlight that data derived from the use of knockout cells for UPR components indicate that none of the single components of the pathway are absolutely necessary for the induction of apoptosis under ER stress. This suggests that the UPR controls cell death by a global network of events that are interconnected and highly regulated (Fig. 5) .
Here, we have overviewed distinct molecular mechanisms that may induce or sensitize cells to apoptosis; however, the switching mechanism that turns off the adaptive UPR responses and engages pro-apoptotic signaling is still missing. It is interesting to note that several apoptosis regulators physically interact with IRE1α at the ER membrane, determining the kinetic and amplitude of its signaling through the formation of a platform known as the UPRosome [2, 5] . We speculate that this mechanism may allow BCL-2 family members to operate as "stress sentinels" that may then contribute to switching IRE1α signaling from adaptive to pro-apoptotic outputs. Identifying the components involved in ER stress-mediated cell death may lead to the identification of novel targets for disease intervention based on the fact that ER stress is implicated on a variety of human diseases ranging from cancer, diabetes, neurodegeneration and inflammatory diseases. The specific networks that govern ER stress-induced apoptosis may depend on the nature of the stimuli, their intensity and even the cell type affected. The scenario in full organs may be even more complex where several independent pathological inputs could converge and synergize into the activation of UPR-dependent cell death. It is evident from overviewing the field that the mechanisms of apoptosis under ER stress are poorly understood and a broad and integrative approach is needed to uncover the actual mechanisms governing this essential process. 
